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Abstract
Building on the results of our computer simulation1 we develop a theoretical description of
the motion of a bead, embedded in a network of semiflexible polymers, and responding to an
applied force.  The theory reveals the existence of an osmotic restoring force, generated by the
piling up of filaments in front of the moving bead and first deduced through computer
simulations. The theory predicts that the bead displacement scales like αtx ~  with time, with
2/1=α  in an intermediate- and 1=α  in a long-time regime. It also predicts that the
compliance varies with concentration like 3/4−c  in agreement with experiment.
21. Introduction
 Actin networks play a key role in the mechanical stability of cells and for numerous
mechanochemical processes2 such as cell locomotion on surfaces3 and the growth of cellular
protrusions4. The viscoelastic properties of actin networks have been extensively studied by
torsional rheometry5-8, passive one-9, 10 and two-bead11 microrheology and force-based
(oscillatory) microrheometry12, 13.
Recently new results using pulsed force magnetic bead microrheometry were
reported14, 15 in which three regimes of bead movement were observed, each being described
by the power law 
αtx ~ (1)
where x  is the bead displacement and t  is the time: the short-time regime with the exponent
1 0.75α ≈  observed for 1ττ ≤≤ ti  in which the bead undergoes a displacement less than the
mesh size; the intermediate-time regime characterized by 2 0.5α ≈ , for 21 τ≤≤τ t , and the
long-time viscous-like regime, for 2t > τ , with the exponent 13 ≈α . Here ms6.0≈iτ  was the
time resolution, the cross-over time 1τ  varied between 0.03 and 0.3s while 2τ varied between
10 and 30s depending on the force applied to the bead. In the intermediate and long-time
regimes the dependence of bead displacement on the concentration of actin filaments, c ,
behaved like γ−cx ~  with 3.01.1 ±≈γ  in the intermediate- and 3.03.1 ±≈γ  in the long-time
regime14.
Actin networks and constrained actin filaments were studied theoretically in a series of
papers5, 6, 16-31 and theoretical analyses of microrheology have recently been reported in32-34.
Up to now no theoretical explanation of the 2/1~ tx  power law of the bead motion in active
microrheology of semiflexible entangled networks has been proposed.
In the preceding paper1 we reported the results of computer simulation of magnetic
3bead microrheometry to study a network of semiflexible polymers modeling entangled actin
filaments in an aqueous solution. The simulations revealed two regimes of bead motion. The
well-known initial regime9, 11, 21, 23-25 was characterized by the exponent 1 0.75α ≈ .
Displacement of the bead in this regime was smaller than the network mesh size in accord
with the observations14. It was followed by the regime with 2 0.5α ≈  in which the bead
displacement took the form:
22 /~ 2/1||
γα ctfDx                                                       (2)
with the exponents 2 0.5α ≈  and 4.12 ≈γ . Here ||D  is the longitudinal diffusion coefficient.
A total displacement of several mesh sizes was achieved by the end of simulation. These two
regimes observed in the simulations correspond to the short- and intermediate- time regimes
(above)14, 15 and are characterized by the same exponents.
The simulations showed that, during bead motion in the intermediate-time regime, the
polymers piled up in front of the bead, while the region behind the bead was almost free of
polymers. Further, the simulations demonstrated that the resistance of the network to bead
motion is due mainly to the steric repulsion of these piled up polymers. Finally, the
simulations1 showed that the polymers in front of the bead take part, on average, in a diffusive
motion in the direction of the bead motion. The diffusion coefficient of this motion is close to
the longitudinal diffusion coefficient describing the free diffusion of polymers in the bulk1.
Based on these findings, this paper formulates an analytical approach deriving the
intermediate- and the long-time regimes and describing both the experimental observations14,
15 and the results of our simulations1.
In Section 2 we deduce the force resisting the bead motion on the assumption that a
clump of polymers has been formed in front of the moving bead. In Section 3 we describe the
formation of the clump and obtain equations of motion of the bead in the intermediate-time
regime. In Section 4 we extend our approach to describe the long-time regime of bead motion.
4In Section 5 we compare our predictions with measurements and simulations, and discuss the
relation of our findings to previous experimental and theoretical results. Section 6 summarizes
our results.
2. Osmotic force
Actin networks are well described by a reptation-tube model26, 27. Within this approach
each filament is considered to be confined to a tube with diameter equal to the mesh size ξ~
accounting for the steric contribution of the surrounding filaments. This yields the free energy
per filament17, 19, 20, 35
eBf LTLkF /κ≈ (3)
where 46.2≈κ  is a geometric factor, 3/21/3pe ~ ξLL is the entanglement length16 and pL  is the
persistent length of the filament. The term originating from the translational entropy of the
filaments is omitted in (3), since its effect on the resistive force is small.
In a system with N  polymers of length L  homogeneously distributed in volume V  the
mesh size of the network, ξ , can be estimated according to the relation 2V gNL= ξ , where g
is a geometric factor. The concentration of the polymers is defined as /c N V=  yielding
2/1 ξ= gLc (4)
In the following it is convenient to write all expressions in terms of the concentration *c  of
segments of filaments with length eL according to the definition e* /c cL L= :
1/3 8/ 31/ pc gL
∗
= ξ (5)
In the following these segments play an important role and therefore, for the sake of brevity,
we introduce a special term, "entanglement segments", for them. According to (3) each
entanglement segment carries the thermal energy TkBκ .
The free energy of the network takes the form fF NF= :
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Making use of Eq. (6) one calculates the pressure ( )/ Tp F V= − ∂ ∂  and, using Eq. (5) one
finds:
Tkcp B
∗κ
=
3
(7)
The pressure (7) depends on the mesh size like 3/8~ −ξp . It arises due to the decrease of
entropy of a filament subjected to a tube. It can be considered as the osmotic pressure of the
entanglement segments.
The beads used in the measurements14, 15 and modeled in the simulations1 are about 5
to 10 times larger than the mesh sizes of the networks, and cannot squeeze through the
network. For this reason during its motion, the bead compresses the network ahead of it, thus
increasing the local concentration of filaments (Fig. 1). The mesh size in front of the bead,
fξ=ξ , (Fig. 1 b) thus, becomes smaller than the mesh size, 0ξ=ξ , far from the bead (Fig. 1
a).
It has been shown by the simulations that the main contribution to the resistance is due
to the steric repulsion between the bead and filaments which gives rise to the pressure p
exerted by the filaments on the bead surface1. Further, the simulations show that the filaments
are piled up in front of the bead, while behind the bead a region almost free of filaments
develops during its motion1 and hence, it is a good approximation that essentially zero
pressure is exerted by filaments on the back hemisphere. Thus, the force pRf 2~ π , where R
is the bead radius, acts on the front surface of the bead and resists the bead motion. One finds
TkcRf Bf
∗π
κ 2
3
~ (8)
where 3/83/1/1 fpf gLc ξ=∗  is the concentration of the entanglement segments in the
6Fig. 1. Schematic view of the bead embedded in a network of semiflexible filaments. (a) Bead
in network at rest. (b) During its motion the bead piles up the filaments ahead of it (i), while
the region behind the bead (ii) contains fewer filaments. The dashed circle shows the initial
position of the bead, ξf indicates the mesh size in the vicinity of the bead, and ξ0 is the mesh
size far from the bead.
neighborhood of the front of the bead where the mesh size ξ  is equal to fξ . The force (8)
represents the steric repulsion of the bead by the polymers piled up front of it. It is related to
the osmotic pressure of the entanglement segments and we refer to it as the "osmotic force".
3. Equation of motion of the bead: the intermediate-time regime
In the beginning of the motion, when 1τ<t  and ξ<x , the bead response is due to a
dynamic bending of a few filaments and obeys the law21 4/3~ tx  (see Appendix A).
At 1τ>t  the short-time regime is followed by the intermediate-time regime in which
the bead motion depends upon the response of a large number of those filaments ahead of the
bead and crossing the bead's path. The main contribution to the resistance force is described
by (8). The concentration of entanglement segments, ∗fc , entering Eq. (8) is to be calculated
directly in front of the bead and should be related to the concentration of segments ∗0c  (or to
the filament concentration 0c ) far from the bead. The latter values are set by the preparation
of the network and we assume them to be known. Basing on the simulations1 we also assume
that the entanglement segments move by diffusion with the diffusion coefficient D .
7Consider a bead moving over a distance ( )x t  during the time t . The bead compresses
+n  entanglement segments ahead of it given by )(~
2
0 txRcn π
∗
+  where 
3/8
0
3/11
0
−−−∗ ξ= pLgc  is
the concentration of the entanglement segments far from the bead, where the mesh size is 0ξ .
These entanglement segments however, redistribute themselves by diffusing over a typical
distance 2/1)(~ Dt . If  21 ττ << t   where
2
2 / 2R Dτ = (9)
there is not enough time for the entanglement segments to diffuse over the distance R~  away
from the bead's path. Accordingly, for 2τ<t  one needs consider only the diffusion of
entanglement segments in the Ox direction. This motion results in a clump of filaments of
thickness 2/1)(~ Dt  formed in front of the bead so that the entanglement segments
redistribute themselves over the volume ( ) 2/12~ DtRV πδ . Accordingly, the concentration,
Vnc δ+∗ /~ , in the clump in front of the bead is,
( )
∗∗
02/1
)(~ c
Dt
txc (10)
Substitution of  (10) into the resistive force (8) yields the equation describing the bead motion
during the time interval 1 2tτ < < τ :
2/1
2
2/13/8
0
3/13
~ ft
TkR
DgL
x
B
p
κπ
ξ
(11)
4. The long-time regime of bead  motion
If  2t > τ   the polymers have enough time to diffuse sideward and to escape from the
path of the bead. In this case the motion of the bead becomes a steady-state motion as soon as
the number of the entanglement segments, n+ , being captured by the clump in front of the
bead becomes equal to the number n
−
 diffusing sidewise away from the bead's path. As soon
8as this regime is achieved the bead moves with a constant velocity v . The number of
entanglement segments n+  compressed by the bead within the time t  can be estimated as
2
0n c R vt
∗
+ ∼ π (12)
The flux of entanglement segments is ∗∇−= cDj . In this regime the only relevant length
scale is the bead size R~ . Accordingly the size of the clump, l , both along and perpendicular
the Ox direction can be estimated as Rl ~ . One finds an estimate of the flux of segments
diffusing away from the clump to be of the form RDcj f /~
∗
− .  The number of entanglement
segments diffusing sidewise away from the bead's path is
Rljtn π
−
2~ (13)
Applying the condition of steady-state motion, n n+ −= , one finds the concentration of
entanglement segments in the clump, ∗fc ,  to be
DvRcc f 2/~ 0
∗∗ (14)
Substitution of the concentration (14) into the expression for the resistive force (8) yields the
equation for steady-state motion,
ft
TkR
DgL
x
B
p
3
3/8
0
3/16
~
κπ
ξ
(15)
5. Discussion
5.1. Diffusion coefficient of entanglement segments
Results of our simulation study1 indicate that the dilatation mode of motion of the
clump in front of the bead is diffusive and its diffusion coefficient, D , is close to that of the
longitudinal diffusion of filaments, ||D . On the other hand, the transverse motion of the
filaments in front of the bead leading to a compression or dilatation of this region is more
plausible. The transverse motion differs considerably form the longitudinal diffusion1, 36.
9Fig. 2. Enforced motion of a filament crossing the bead’s path. An initial  position of the bead
is shown by (a). (b) shows tails of one of the filaments which crosses the bead’s path in front
of it. Other such filaments are not shown. The network (not shown) gives rise to the reptation
tubes (c) in which the tails move. Displacement of the bead to a new position (indicated by d)
requires the movement of those segments crossing the bead’s path (e). This requires that the
tails slip out of their tubes, thus taking a new configuration (f).
This seeming contradiction can be explained as follows. A segment of a filament which
crosses the bead’s path has the length of about 5µm. This is smaller than the filament contour
length (≈20µm). For this reason a clump of polymers in front of the bead is connected by
filament tails with the rest of the network, these tails being longer than the size of the clump
(Fig. 2). When the bead compresses the clump during its motion, the segments of those
filaments in the clump undergo mainly a transverse motion. However, in order to enable such
a motion, a longitudinal displacement of the tails connecting the clump with the network
along their reptation tubes is required. This is shown schematically in Fig. 2 (b) and (f).  Since
the lengths of the tails are larger then the clump size, the clump compression and dilatation by
the bead is dominated by the longitudinal diffusion of filaments. For this reason the diffusion
coefficient describing the dilatation dynamics of filaments in front of the bead is close to the
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longitudinal diffusion coefficient of filaments D D≈  . This conclusion agrees with results of
the simulation1.
5.2. Comparison with experiments
The creep compliance of the bead, )(tJ , defined by
ftRxtJ /)(6)( π= (16)
was measured in the experiments reported in14, 15. It was found that, in each of the three
regimes, the compliance could be described by the power law
( ) ii iJ t A t B
α
= + (17)
where 1,2,3i =  denotes the short-time, intermediate and long-time regimes characterized by
the exponents (exp)1 0.75α ≈ , 
(exp)
2 0.5α ≈  and 0.1
(exp)
3 ≈α , and amplitudes iA  and offsets iB
with B1=B2=014, 15.
In Section 3 (above) and in Appendix A these regimes are described analytically. Our
estimates on the short-time regime (Eq. (A4) Appendix A) reproduces the well-known21
exponent (th)1 3 / 4α = . In the long-time regime we obtained the expected exponent 
(th)
3 1α =
(Eq. (15)) describing the viscous-like motion of the bead. Finally in the intermediate-time
regime we derived the exponent (th)2 1/ 2α =  (Eq. (11)) in agreement with the observations
reported in14, 15 as well as our simulations1. The theory presented here predicts the pre-factors
iA  to take the forms:
( )
1/ 4
1 3
B p32 4
RA
k TL
 π
 ≈
 η 
(18)
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DgL
A
B
p
κ
ξ 2/13/803/1
2
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TkR
DgL
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B
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2
3/8
0
3/1
3
36
~
κ
ξ
(20)
where η  is the water viscosity.
Since, according to (4), the concentration of filaments far from the bead, 0c , scales
like 200 ~
−ξc , Eq. (19) and (20) yield 32 ,3,2 ~ γ−cA . Our approach predicts 3/4)th( 3,2 =γ  in
agreement with the experimentally measured value, 3.01.1(exp)2 ±≈γ  and 3.04.1
(exp)
3 ±≈γ
14,
as well as with the value 4.1)sim( ≈γ  found in the simulations1.
In order to make estimates we used 21B 4 10 Jk T
−
≈ × , 310 Pa s−η ≈ , the values
0 0.3 mξ ≈ µ , 20 mL ≈ µ , 2.25 mR ≈ µ  and p 17 mL ≈ µ , obtained from the measurements14, 15.
In addition, from experiment37 s/m10~ 213−D . If the filaments of the network lie along a
primitive cubic lattice, one would find 1/ 3g =  which we will use in making estimates. This
yields (th) -1 -3/41 11.5Pa sA ≈ , 
-1/2-1)th(
2 sPa10~A  and 
-1-1)th(
3 sPa1~A  in good agreement with
the experimental values (exp) -1 -3/41 18.9Pa sA ≈ , 
(exp) -1 -1/2
2 11.2Pa sA ≈  and 
1-1-)exp(
3 sPa3.2≈A
reported in14.
It is generally expected that in the long-time regime the bead motion is dominated by
viscosity yielding net6/ ηπ= Rftx   and thus,
-1
net3 η=A                                                               (21)
where netη  is the (effective) viscosity of the network. The bead displacement (15) indeed
depends linearly upon time. However, in the derivation of (15) only the osmotic mechanism
was accounted for, while the viscosity was neglected. Using the above estimates one finds the
effective viscosity of the network in the long-time regime sPa1~/1 )th(3net A=η  to be in
agreement with the earlier measurements38.  The good agreement between our estimate of 3A
12
(above) with the measured value shows that the osmotic mechanism indeed makes the main
contribution to the network resistance during the long-time regime. The bead motion in this
regime is thus, viscous-like, rather than viscous.
Equating the bead compliance in the short- and the intermediate-time regimes
2/1
12
4/3
11 τ=τ AA  and using (18, 19) one finds the crossover time 1τ :
37/3 32/ 3 2
p 0
1 8
B
qL D
R k T
ξ  η
τ =  
 
(21)
where the numerical factor is 8443 106.7/1924 ×≈πκ×=q . One then finds 1 0.35sτ ≈  in
agreement with the observations14, 15.
Analogously, by equating the compliance of the intermediate- to that of the long-time
regime 23
2/1
22 τ=τ AA  Eq. (19), (20) one finds the expression (9) for the characteristic time
2τ . Estimates yield s10~
)th(
2τ , which is of the order of magnitude of that observed to vary
between 8 and 30s14.
5.2. Comparison with results of our computer simulations
Our computer simulation1 of the enforced motion of a bead through an entangled
solution of the semiflexible polymers utilized Dissipative Particle Dynamics39. The method
used 24 phenomenological parameters describing the geometry and the interactions of the
objects whose values were in accord with the choices of others1. However, in such a case one
cannot expect to compare numerical data obtained in simulations with those from
experiments. On the other hand the power laws found by the simulations can be compared
with those obtained in experiments and with predictions of the analytical theory presented
here. In the intermediate regime 2i =  the relation (2) was found for the bead displacement by
the simulations (Eqs. (1) and (4) in that paper1) in agreement with the predictions (11) of the
analytical theory.
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In order to compare the analytical predictions (19) with the value of the pre-factor 2A
obtained by the simulation, we substituted the values 1.57ξ = , 10R = , p 150L =  length units,
B 1k T =  and 032.0=D  from the simulations into Eq. (19). We found that 2 0.76A ≈  is in a
good agreement with the value (sim)2 0.32A ≈   obtained by the computer simulations.
Both simulations and theory predict a linear dependence of the bead displacement on
the applied force. In experiments however, a weak non-linearity was observed14, 15. This
indicates that the experimental system possesses interactions, beyond the steric and viscous
interactions included in those models, which are not accounted for either by the theory or by
the model used in the computer simulation. This non-linearity observed in the force-
dependence of 2A  may be due to cross linkers remaining in solvent, or divalent ions, always
present in the solvents for actin, and which could act as weak cross-linkers.
5.3. An x~t1/2 regime in other systems
A binary correlation function and a mean square displacement obeying the power law
2 1/ 2( )x t t< >∼  has been observed in actin networks using passive two-bead microrheometry11.
The network concentration and the time-domain in which such a behavior was observed11
correspond to those in experiments using active probing of actin network14, 15. We note that
this behavior is related to the compliance depending on time like 2/1~)( ttJ  as described in
our paper in the intermediate-time regime, and observed in14, 15. However, a detailed theory of
this phenomenon for the case of passive two-bead microrheometry is beyond the scope of the
present paper.
The viscoelastic properties of complex media are often modeled in terms of equivalent
mechanical circuits40. This approach was applied to analyze the micromechanical behavior of
actin networks, the cytoplasm and cellular membranes12, 38, 41-45. It would be possible to fit the
compliance such as that of the actin network reported in14, 15 by an equivalent mechanical
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circuit. However, an accurate fitting of such a regime would require us to introduce many
parameters, via springs and dash pots, which would, however, incorrectly describe the
essential physics of the phenomenon. The reason that the compliance increases like
2/1~)( ttJ  in the intermediate-time regime because of  the osmotic mechanism arising from
polymer compression by the moving bead and this is fundamentally different from, and
cannot be reduced to the viscoelastic characteristics of the network.
In recent papers32, 33 a phenomenological theory of microrheological measurements
was formulated. It is based on a two-fluid hydrodynamic approach46 in which the actin
network was considered as an elastic medium of constant concentration viscously coupled to
the penetrating water. As we already discussed at 10 t< < τ  (21) the time is not enough for
osmotic pressure to contribute significantly to the bead motion and the approximation of a
constant concentration used in32, 33 is applicable. At 1t > τ  the osmotic pressure becomes
significant. In this case our approach may be combined with that of papers32, 33 by accounting
for the time- and coordinate-dependent concentration of filaments obeying the diffusion
equation.
In general, the 2/1~ tx  power law (or, equivalently, the power law 1/ 2Gω ∼ ω
describing the dependence of the shear modulus on frequency) indicates that the resistance
mechanism is dominated by diffusion, but does not indicate the mechanism itself. The power
law 1/ 2Gω ∼ ω  has been predicted theoretically for flexible polymers, for which p/ 1L L >>  by
accounting for the diffusion of their excess lengths along the reptation tubes28. In the
networks studied both here and in our simulations1, as well as in those used in
measurements14, 15, the polymers are semiflexible, 2.1/ p ≈LL , and, therefore, the mechanism
responsible for the intermediate-time behavior observed in14, 15 differs from that discussed
in28.
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Kollmann and Nägele developed a theory describing the diffusion of a spherical
macro-ion in a multicomponent colloidal dispersion. They predicted a perturbation, δζ , of its
short-time friction coefficient, ζ , by the electrolyte47. If the hydrodynamic interactions were
"switched off" the asymptotic behavior of this perturbation would be 2/1~ −δζ t . However,
accounting for the far-field hydrodynamic interactions between the tracer and the micro-ions
removes the singularity yielding δζ  to be regular at 0t = 47.
Although the entangled network of semiflexible filaments differs considerably from
the multicomponent dispersion of spherical colloidal particles studied in47, the intermediate-
time regime recently observed in actin networks11, 14, 15 and predicted by the simulations1 is
qualitatively comparable with the short-time behavior 2/1~ −δζ t  predicted for a colloidal
dispersion47. In the latter the hydrodynamic interactions equalize concentrations of colloidal
particles in front of and behind the bead and the difference in the osmotic pressure in front of
and behind the bead vanishes. In the densely entangled solution of polymers, their low
mobility prevents such an equalization of the density. For this reason the osmotic force exists
in the network and (as has been shown here) dominates the resistance of the gel to the bead
motion giving rise to the bead motion obeying the law 2/1~ tx .
In general, arising of the osmotic force discussed in this paper requires two conditions:
(i) density inhomogeneity of the complex fluid must be formed (giving rise to the spatial
inhomogeneity of the osmotic pressure) and (ii) a slow diffusive mode must be responsible for
the decay of this inhomogeneity. Such conditions are often fulfilled on the mesoscale in
complex fluids. In the paper48 resistance of adhered biomembranes to enforced unbinding has
been recently explained by a transient inhomogeneous osmotic pressure of mobile ligand-
receptor pairs.
Summary
Based on our previous computer simulations1 we have proposed a mechanism
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responsible for the resistance of an actin network to the enforced motion of an embedded
bead. It originates in the osmotic pressure exerted on the bead surface by the actin filaments.
The pressure arises, since the moving bead piles up filaments in front it, while many fewer
filaments remain behind the bead. This mechanism describes the bead motion, obeying the
power law 2/1~ tx , and the subsequent viscous-like regime, tx ~ , as well as the dependence
of the bead response on the actin concentration recently reported in14, 15.
Appendix A
Approximate description of the short-time regime
The enforced bead motion obeying the power law 4/3~ tx  has been described
theoretically by a mechanism which accounts for a dynamical bending of a filament21. The
solution was obtained in21 in terms of a Green function. Based on the idea of that paper21, we
give here an approximate calculation of the bead displacement, which enables us to estimate
the compliance in the short-time regime and to compare this prediction with our observations
in Section 5.
During the short-time regime of  motion the bead traverses a distance less than the
mesh size ( m1.0~ µ 14) and, therefore, deforms only one (or a few) filaments. If a local force
f  is applied to the filament somewhere far from its ends at the initial time then, after a time
t , a portion of the filament will be deformed. The length of the deformed part of the filament,
Λ , can be estimated using the equation of filament motion:
4
44 ( )B p
x xk TL f s
t s
∂ ∂
πη = + δ
∂ ∂
                                                    (A1)
where 4πη  is an estimate of the friction coefficient, η  is the water viscosity, B pk TL  is the
filament bending rigidity, x  is the filament displacement, s  is the coordinate along the
filament and ( )sδ  is the δ-function. This yields the time-dependence of the length of the
deformed portion of a filament:
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1/ 4
B p
4
k TL t 
Λ =  
πη 
(A2)
Assuming that the increase of the length Λ  is slower than the filament bending, one can
describe the bending by the static equation
0/ 44 =∂∂ sx                                                       (A3)
 with the boundary conditions: (i) fsxTLk =∂∂ 33pB /)0( describing the force applied at the
point 0=s , (ii) 0/)0( 22 =∂∂ sx  describing the requirement of zero torque applied to the
filament by the bead and (iii) 0/)()( =∂Λ±∂=Λ± sxx  which approximately describes the
filament configuration at l = ±Λ . Utilizing the well known solution for elastic rods49 one
finds 3 p B(0) /192x x f L k T= = Λ . Making use of (A2) one obtains the bead displacement
( )[ ] fTLk
ttx
pB
4/13
4/3
4192
~)(
πη
                                                 (A4)
The bead displacement (A4) represents an approximation form of the Green function obtained
in21 at 0=s .
Acknowledgements: A.B. was supported by the grant DFG (Deutsches
Forschungsgemeindschaft) SA 246/28-4. This work was supported by NSERC of Canada
under a Discovery Grant to D.A.P.  A.B. is grateful to G. Nägele for the useful  discussion.
18
References
1 N. Ter-Oganessian, D. Pink, B. Quinn and A. Boulbitch, (2005) ArXiv cond-mat/0503573
2 B. Alberts, D. Bray, J. Lewis, et al., Molecular Biology of the Cell (Garland Pub. Inc., New York,
London, 1994).
3 R. Merkel, R. Simson, D. A. Simson, et al., Biophys. J. 79, 707 (2000).
4 L. Vonna, A. Wiedemann, M. Aepfelbacher, et al., J. Cell Sci. 116, 785 (2003).
5 B. Hinner, M. Tempel, E. Sackmann, et al., Phys. Rev. Lett. 81, 2614 (1998).
6 K. Kroy and E. Frey, Phys. Rev. Lett. 77, 306 (1996).
7 J. Käs, H. Strey, J. X. Tang, et al., Biophys. J. 70, 609 (1996).
8 P. A. Janmey, S. Hvidt, J. Peetermans, et al., Biochemistry 27, 8218 (1988).
9 F. C. MacKintosh and C. F. Schmidt Current Op. Colloid & Interface Sci. 4, 300 (1999).
10 Y. Tseng, T. P. Kole, S. H. J. Lee, et al., Current Op. Colloid & Interface Sci. 7, 210 (2002).
11 J. C. Crocker, M. T. Valentine, E. R. Weeks, et al., Phys. Rev. Lett. 85, 888 (2000).
12 F. Ziemann, J. Rädler, and E. Sackmann, Biophys. J. 66, 2210 (1994).
13 F. G. Schmidt, B. Hinner, and E. Sackmann, Phys. Rev. E 61, 5646 (2000).
14 J. Uhde, in Mikrorheometrie passiver und aktiver Aktinnetzwerkes (PhD Thesis, Technical University
Munich, 2004, http://tumb1.biblio.tu-muenchen.de/publ/diss/ph/2004/uhde.html.
15 J. Uhde, W. Feneberg, N. Ter-Oganessian, et al., Phys. Rev. Lett. - to be submitted (2005).
16 T. Odijk, Macromol. 16, 1340 (1983).
17 M. Dijkstra, D. Frenkel, and H. N. W. Lekkerkerker, Physica A 193, 374 (1993).
18 F. C. MacKintosh, J. Käs, and P. A. Jamney, Phys. Rev. Lett. 75, 4425 (1995).
19 T. W. Burkhardt, J. Phys. A 28, L629 (1995).
20 T. W. Burkhardt, J. Phys. A 30, L167 (1997).
21 F. Amblard, A. C. Maggs, B. Yurke, et al., Phys. Rev. Lett. 77, 4470 (1996).
22 K. Kroy and E. Frey, Phys. Rev. E 55, 3092 (1997).
23 R. Granek, J. Phys. II 7, 1761 (1997).
24 F. Gittes, B. Schnurr, P. D. Olmsted, et al., Phys. Rev. Lett. 79, 3286 (1997).
25 F. Gittes and F. C. MacKintosh, Phys. Rev. E 58, R1241 (1998).
26 D. C. Morse, Macromol. 31, 7030 (1998).
27 D. C. Morse, Phys. Rev. E 58, R1237 (1998).
28 D. C. Morse, Macromol. 31, 7044 (1998).
29 D. C. Morse, Macromol. 32, 5934 (1999).
30 A. C. Maggs, Phys. Rev. E 57, 2091 (1998).
31 D. J. Bicout and T. W. Burkhardt, J. Phys. A 34, 5745 (2001).
32 A. J. Levine and T. C. Lubensky, Phys. Rev. Lett. 85, 1774 (2000).
33 A. J. Levine and T. C. Lubensky, Phys. Rev. E 63, art. no. (2001).
34 A. J. Levine and T. C. Lubensky, Phys. Rev. E 6501, art. no. (2002).
35 W. Helfrich and W. Harbich, Chemica Scripta 25, 32 (1985).
36 M. A. Dichtl and E. Sackmann, New J. Phys. 1, 18.1/18.11 (1999).
37 M. Dichtl and E. Sackmann, unpublished).
38 F. Schmidt, in Mikrorheologie von Netzwerken semiflexibler Biopolymere (PhD Thesis, Technical
University, Munich, 1999).
39 D. Pink, in Soft Materials: Structure and Dynamics, edited by A. G. Marangoni and J. R. Dutcher
(Marcel Dekker, New York, 2004), p. 265.
40 N. W. Tschoegl, The Phenomenological Theory of Linear Viscoelastic Behavior. (Springer-Verlag,
Berlin, Heidelberg, 1989).
41 A. R. Bausch, F. Ziemann, A. A. Boulbitch, et al., Biophys. J. 75, 2038 (1998).
42 A. R. Bausch, W. Möller, and E. Sackmann, Biophys. J. 76, 573 (1999).
43 M. A. Dichtl and E. Sackmann, PNAS 99, 6533 (2002).
44 W. Feneberg, M. Westphal, and E. Sackmann, Eur. Biophys. J. 30, 284 (2001).
45 F. G. Schmidt, F. Ziemann, and E. Sackmann, Eur. Biophys. J. Lett. 24, 348 (1996).
46 H. C. Brinkman, Appl. Sci. Res. A1, 27 (1947).
47 M. Kollmann and G. Nagele, J. Chem. Phys. 113, 7672 (2000).
48 F. Brochard-Wyart and P. G. De Gennes, PNAS 99, 7854 (2002).
49 L. D. Landau and E. M. Lifshitz, Theory of Elasticity (Pergamon Press, Oxford, 1986).
